Antiphospholipid syndrome (APS) is an acquired autoimmune disorder defined by the presence of an antiphospholipid antibody (aPL) and the occurrence of at least one associated clinical condition that includes venous thrombosis, arterial thrombosis or pregnancy morbidity. The aPL detected in APS have long been thought to have a direct prothrombotic effect in vivo. However, the pathophysiology underlying their coagulopathic effect has not been defined. Emerging data suggest a role for the procoagulant protein tissue factor (TF). In this review we provide an overview of TF, describe mouse models used in the evaluation of the role of TF in thrombosis, as well as summarize recent work on TF and APS.
Tissue factor
Tissue factor (TF) is a transmembrane glycoprotein that is a member of the cytokine receptor superfamily. TF was so named after it was noted that a component of tissue, when added to plasma, enhanced coagulation. TF was first purified in 1985 and was cloned soon thereafter. [1] [2] [3] [4] The crystal structure of the TF extracellular domain bound to Factor VIIa (FVIIa) was reported in 1996. 5 TF is a 263 amino acid protein with three major domains: (1) an extracellular domain which binds to FVII/ FVIIa and substrates; 2 (2) a transmembrane domain that serves as a membrane anchor; and (3) a short cytoplasmic carboxy terminal domain. TF serves as the primary initiator of in vivo coagulation. The TF/FVIIa complex activates FIX and FX and leads to thrombin and fibrin generation. Notably FVIIa is a weak serine protease on its own, but upon binding TF, its catalytic activity is increased 2 Â 10 7 fold. 6 TF is expressed constitutively by adventitial cells surrounding blood vessels and rapidly initiates coagulation after vessel injury. 7, 8 This perivascular localization was described as a hemostatic envelope by Drake and colleagues. 9 In contrast to the high levels of TF in perivascular cells, vascular cells and blood cells do not express TF under normal conditions. However, there are very low levels of TF (commonly referred to as 'circulating TF' or 'blood borne TF') detectable in the blood of healthy individuals. 10, 11 It was initially argued that circulating TF represented a pool of TF that was able to be delivered continuously to developing thrombi and participate in its continued growth and extension. 12 However, others felt that the levels of circulating TF in healthy individuals are too low to contribute to thrombosis. 10 A soluble form of TF has also been described in the literature that is generated by alternative splicing. Importantly, this form of TF lacks the transmembrane domain and substrate binding site and does not possess procoagulant activity. 11, 13 Hoffman et al. 14 noted that TF was present throughout thrombotic clots, whereas it was present only at the edges of hemostatic clots. The authors therefore argued that circulating TF is incorporated into thrombotic clots but their study did not determine whether this TF was active. Circulating TF remains an area of active investigation.
It has also been demonstrated that TF is expressed in a tissue-specific manner with high levels detected in various organs, such as the brain, heart, kidney and placenta. 9, [15] [16] [17] [18] [19] Animal models have shown that either a genetic deficiency or inhibition of TF in wild-type mice results in tissue-specific hemorrhage. 20, 21 Several groups also demonstrated that deletion of the TF gene results in embryonic lethality in mice. [22] [23] [24] These data indicate that TF-dependent thrombin generation is essential for hemostasis.
While normal TF expression is required for maintaining hemostasis, pathologic TF expression can result in arterial thrombosis, venous thromboembolism (VTE) and disseminated intravascular coagulation (DIC). Elevated levels of circulating TF are observed in a variety of diseases including sepsis, diabetes, cardiovascular disease and cancer. 25 It has been posited that thrombosis in these diseases may be triggered by TF. In blood TF is associated with microparticles (MP), and this form of TF will be referred to as TF-positive MP (TF + MP). These are submicron fragments of cell membranes that are derived from activated/ apoptotic cells and retain cell proteins of their cellular origin. 26 TF expression by monocytes is induced by exposure to various agents, including bacterial endotoxin (lipopolysaccharide [LPS]) stimulation. 27 However, the presence of low levels of TF on platelets is more controversial. Various explanations for platelet TF include: (1) binding or uptake of TF + MP released by other cells into the blood; and (2) de novo synthesis of TF. [28] [29] [30] However, other authors were unable to detect TF activity or antigen on resting and calcium ionophore stimulated platelets. 8, 10, 31 Similarly, there is disagreement related to the presence or absence of TF on granulocytes. One group reported that granulocytes express TF upon stimulation, 32 and others describe TF expression on eosinophils 33 and neutrophils. 34 However, Osterud and colleagues could not detect TF expression in granulocytes but found that granulocytes acquire monocyte-derived TF + MP in whole blood. 35 Another controversial issue regarding TF is the so-called 'encryption-decryption process'. Potential mechanisms for decryption have been discussed and reviewed previously. 36 The observation that lysis of TF-positive cells results in a significant increase in TF activity, led to the proposal that TF exists in two states, a low-activity state, or 'encrypted', and a high-activity state, or 'decrypted'. One proposed mechanism is that interaction of TF with the membrane phospholipid phosphatidylserine (PS) increases its activity. PS is an anionic phospholipid that is normally maintained in an energy-dependent asymmetric state on the inner membrane leaflet but is exposed on the outer leaflet upon cell stimulation or membrane disruption. Another hypothesis for decryption was put forth by Chen et al. in 2006 . They suggested that high TF activity required the formation of an allosteric disulfide bond between cysteine residues 186 and 209. 37 Recently, however, Bach and Monroe have questioned this model based upon crystal structure. They argue that the two cysteine residues are obscured by the interaction between TF and FVIIa and therefore an enzyme, such as protein disulfide isomerase, cannot gain access to the residues to form the disulfide bond 38 . Although the mechanism for decryption remains ill-defined, the most likely mechanism appears to be via an interaction with PS.
Arterial thrombosis
Arterial thrombosis, in the form of myocardial infarction and stroke, represents one of the most common causes of mortality in the US. The primary etiology of arterial thrombosis is instability or rupture of an atherosclerotic plaque. This rupture triggers the formation of a localized, platelet-rich clot with resultant vessel occlusion and subsequent infarction. Atherosclerotic plaques in humans contain large amounts of TF and it has been suggested that after plaque rupture, TF triggers activation of the clotting system that contributes to the formation of an occlusive clot.
Several studies have targeted TF in animal models of arterial thrombosis in an attempt to reduce arterial thrombosis. These models used a variety of procedures to induce arterial thrombosis principally through damage to the endothelium with subsequent exposure of vessel wall TF to circulating blood. Inhibition of the TF/FVIIa complex in these models reduces or prevents arterial thrombosis. For example, inhibition of TF with a monoclonal anti-rabbit TF antibody in a rabbit model of electrical induction of endothelial injury prevented arterial thrombus formation. 39, 40 In addition, using a balloon catheter endothelial injury model, recombinant tissue factor pathway inhibitor (rTFPI), an inhibitor of the TF/FVIIa complex, reduced thrombosis in the coronary artery of pigs and thoracic aorta of rabbits. 40, 41 While the aforementioned experiments demonstrate the significance of TF in arterial thrombosis, other groups have examined the cellular source of TF in precipitation of thrombosis. Day and colleagues found that vessel wall TF rather than hematopoietic cell-derived TF triggered thrombosis in a macrovascular (carotid artery) mouse model. 42 In addition, Wang and colleagues recently demonstrated a reduction in carotid arterial thrombosis in mice with a selective deletion of the TF gene in vascular smooth muscle cells. 43 These data indicate that perivascular and not circulating TF is the critical mediator of arterial thrombosis in healthy mice. However, further studies are needed that utilize mice with elevated levels of circulating TF. Taken together, these studies indicate that inhibition of TF represents a novel clinical approach to abrogating arterial thrombosis.
Venous thrombosis
In contrast to arterial thrombosis which appears to be primarily caused by TF exposed by vessel injury or plaque rupture, VTE typically occurs in the absence of gross vessel wall disruption. Rather, the pathogenesis of VTE appears multi-factorial and involves factors related to Virchow's Triad, namely: (1) alterations in blood flow or stasis; (2) vascular endothelial cell activation; and (3) alterations in the constituents of blood. Immobility, drugs, pregnancy, morbid obesity, and inherited thrombophilic states all increase the risk of VTE through Virchow's Triad. 44 Elevated levels of circulating TF may be a predominant initiator of VTE. Several groups have demonstrated that patients with VTE have increased levels of TF antigen and activity. 45, 46 Our group reported that in healthy mice hematopoietic cell-derived TF did not contribute to VTE in an inferior vena cava ligation model. 42 However, Biro and colleagues demonstrated that MP isolated from pericardial blood of cardiac surgery patients promoted TF-dependent VTE in a rat model. 47 VTE is the second leading cause of mortality in cancer patients. Several recent studies have suggested a role for TF + MP in the pathogenesis of cancer-related VTE. A retrospective analysis by Tesselaar and colleagues noted elevated levels TF + MP activity in patients with breast and pancreatic cancers. 48 Other retrospective studies found significantly elevated levels of TF + MP activity in cancer patients with VTE versus cancer patients without VTE. 49, 50 In a prospective study our group found that in a cohort of 11 pancreatic cancer patients, the 2 patients with the highest levels of TF antigen and TF + MP activity in serial samples subsequently developed VTE. 51 In aggregate these studies suggest that TF + MP activity may serve as a predictive biomarker for evaluating VTE risk in cancer patients. Other groups have analyzed levels of circulating TF in mouse tumor models and their data would suggest that tumor-derived circulating TF activates the clotting cascade in mice and may promote thrombosis in cancer patients. 52, 53 
Disseminated intravascular coagulation
It has become increasingly clear that there is significant crosstalk between coagulation and inflammation. This association is particularly apparent in models of endotoxemia, severe sepsis and DIC. This is characterized by an uncontrolled and excessive production of thrombin resulting in diffuse and systemic intravascular fibrin deposition and a consumptive coagulopathy. 54 In sepsis, activation of the clotting system is mediated by TF expression by monocytes and possibly endothelial cells. 55, 56 Other conditions associated with DIC are severe trauma, including surgery and burn injury. 54 The critical role TF plays in the activation of coagulation and inflammation in DIC and severe sepsis has been demonstrated in several experiments. Humans treated with low doses of LPS were found to have TF expression on monocytes, increased levels of TF + MP and increased generation of thrombin. 56, 57 In addition, primate models of endotoxin-induced septic shock have examined the role of TF in DIC. In several studies, baboons were injected with live Escherichia coli to induce septic shock. Animals that were treated with either an inhibitory monoclonal TF antibody 58 , rTFPI, 59 or FVIIa inhibitor 60 were protected from DIC and death. Other animal models have likewise demonstrated that various strategies to prevent activation of coagulation by the TF/FVIIa complex reduce DIC. [61] [62] [63] Recently our lab found that low TF mice have reduced levels of thrombinantithrombin complex, a marker of activation of coagulation, and IL-6 compared with control mice in an endotoxemia model. 27 This study suggested that TF contributes to both coagulation and inflammation in a mouse model of endotoxemia.
A family of G-protein-coupled protease activated receptors (PARs) are emerging as critical mediations in the interactions between coagulation and inflammation. To date, four PARs (1-4) have been characterized, each of which are activated by different proteases. Inflammation may be enhanced by the TF pathway via generation of proteases (TF/FVIIa, FXa and thrombin) that subsequently activate PAR1 and PAR2.
These interactions have recently be reviewed by van der Poll. 64 Niessen and colleagues reported that endotoxemic PAR1 -/mice expressed lower levels of IL-6 and exhibited decreased mortality compared with wild-type mice. 65 Their results also indicated that inhibition of thrombin in mice was protective. Additional studies demonstrated that TF-dependent thrombin generation and PAR-1 signaling in dendritic cells amplifies both inflammation and coagulation. 65 
Mouse models
The pleiotropic effects of TF on different pathways have been difficult to study because inhibition of TF in mice induces hemorrhage and a knock-out of the TF gene is embryonically lethal. Recently our ability to study the role of TF in various physiologic processes has been expanded with the addition of new genetically engineered mice. There are significant differences in the primary amino acid sequence of human and murine TF, particularly in exon 3 of the extracellular domain. 66 This domain participates in FVII/FVIIa binding and the sequence differences are reflected in the fact that mouse TF binds human FVIIa with reduced affinity compared with mouse FVIIa. 67 In contrast, human TF binds mouse FVIIa with a similar affinity compared with human FVIIa which has made it possible to replace mouse TF with human TF in mouse models. 67 The following section will briefly describe these mouse models and their contribution to our current understanding of the role of TF in coagulation and inflammation. The first mouse line that was developed expresses human TF from a transgene containing 2 kbp of the human TF promoter and a human TF mini-gene in a mouse TF null background. These animals express low levels of human TF in all tissues (1% of wild type) and are commonly referred to as 'low TF' mice. 68 They exhibit spontaneous hemorrhage in specific tissues, including placenta, heart, uterus and lungs, at later time points in life, but are viable. 18, 69 The second line of mice expresses human TF (HTF) from a human chromosome vector. HTF mice contain the complete TF gene in addition to extensive 5 0 and 3 0 flanking elements. 70 HTF mice were crossed into a TF null background such that the only TF expressed is from the human chromosome vector. These mice express normal levels of human TF in all tissues except the heart. 70 Recently, Snyder and colleagues developed a mouse line by 'knocking in' human TF cDNA into the murine TF locus. 21 These mice are referred to as TF knock-in mice (TFKI) and express TF in all tissues at levels comparable to wild-type controls and exhibit normal hemostasis. Importantly, both HTF and TFKI mice are 'humanized' for TF and are useful models for evaluating the effects of pharmacologic agents directed against human TF.
TF staining of different cell types cannot distinguish between expression by the cell and binding of TF + MPs. This is highlighted in the experiments by Osterud and colleagues. 35, 71 To overcome this limitation we have generated mice with a cell-specific TF gene deletion to directly evaluate the role of TF expression by different cell types in thrombosis and other processes. This was accomplished by making TF flox/flox mice that contain a TF gene flanked by loxP sites, and then crossing these with mice expressing the Cre recombinanse under control of various promoters such as: (1) LysM, myeloid specific; (2) platelet factor 4 (PF4), megakaryocyte/platelet specific; (3) Tie-2, endothelial and hematopoietic cells; and (4) SM22, vascular smooth muscle cells (unpublished data). 43, 70, 72 In addition, we can also utilize bone marrow transplantation to further delineate the contribution of TF expression by either hematopoietic cells or non-hematopoietic cells to different disease processes. For example, mice can be generated that express human TF from either hematopoietic cells (using wild-type mice that receive bone marrow from HTF mice) or nonhematopoietic cells (using HTF mice that receive bone marrow from wild-type mice).
TF and APS
Although aPL are thought to play a direct role in the hypercoagulability of antiphospholipid syndrome (APS), the exact pathophysiology remains unclear. Recent data suggest a role for antibodymediated induction of TF expression in monocytes and endothelial cells in the pathogenesis of APS.
The majority of aPL target phospholipid binding proteins rather than targeting phospholipids directly. Current evidence suggests that these aPL appear to have a direct prothrombotic effect. Ginsburg and colleagues demonstrated that aPL titer correlates with thrombosis risk. 73 Several groups have also shown that passive transfer of aPL induces thrombosis in animal models. 74, 75 While the exact mechanisms underlying this hypercoagulable state are yet to be fully elucidated, it has been proposed that aPL stimulates TF expression within the vasculature and in blood cells, thereby leading to increased thrombosis. Several authors have reported increased monocyte TF expression in patients with APS. [76] [77] [78] Furthermore, de Prost and colleagues have demonstrated that patients with APS had increased monocyte procoagulant activity. 79 In addition, Nojima and colleagues recently reported a strong positive correlation between monocyte TF expression in patients with systemic lupus erythematosis and a history of thrombosis. 80 Several in vitro experiments also support a key role for aPL in the induction of TF expression on monocytes. [81] [82] [83] [84] Other in vitro studies demonstrated that aPL were able to induce expression of TF, proinflammatory cytokines and adhesion molecules in endothelial cells. 85, 86 One generally accepted hypothesis for aPL-induced TF expression involves interaction of aPL with target cell surface receptors and a subsequent increase in TF expression and release of TF + MP, thereby promoting thrombosis (Figure 1) . Identification of the cell surface receptor(s) and the intracellular signaling pathway(s) involved is an active area of research. Currently there are data to suggest several potential cell surface receptor candidates that include annexin A2 (endothelial and monocytes), 84, 87, 88 lipoprotein receptor-related protein (LRP) family (platelets), 89 Toll-like receptor 4 (TLR4) (endothelial and monocytes) [90] [91] [92] and C5a receptor (neutrophils). 34, 72 In addition, there are experimental data that describe three major intracellular signaling pathways involved in the cellular response to aPL. These include the nuclear factor-kB (NF-kB) pathway, [93] [94] [95] the Ras-Erk pathway 96, 97 and the p38 mitogen-activated protein (MAP) kinase pathway. 95, 98, 99 These data suggest that multiple receptors and signaling pathways are involved in aPL-induced TF expression in APS. Of note, several of these experiments were specific for aPL directed against the phospholipid-binding plasma protein, b 2 -glycoprotein I (b 2 GPI), which along with prothrombin is one of the most common and best characterized antigens. These receptors and pathways have been reviewed recently. 99, 100 There are recent data to support an integral role for complement activation of TF expression in APS. Using a variety of methods including the use of TF flox/flox /LysM Cre mice (which do not express TF on myeloid cells), we were able to demonstrate that complement activation is a Role of tissue factor in thrombosis in antiphospholipid antibody syndrome J Boles and N Mackman critical early mediator linking aPL to fetal loss in a mouse model of APS. 72, 101, 102 This has been reviewed recently. 103 Notably these data suggest that complement activation of TF expression in neutrophils and subsequent generation of reactive oxygen species is one of the principle mediators of fetal loss in APS in a mouse model. Seshan and colleagues recently described a novel mouse model of aPL-induced thrombotic microangiopathy (TMA) and reported that both complement-dependent and complement-independent mechanisms were responsible for glomerular injury in their model. 104 In addition, they note that low TF mice and wild-type mice treated with pravastatin, which downregulates glomerular TF synthesis, were protected from aPL-induced TMA.
Our expanding knowledge of TF in sepsis, inflammation and thrombosis may direct our future treatment of APS. Our current backbone for treatment of thrombosis in APS is the anticoagulant warfarin. While anticoagulation with this agent certainly decreases levels of functional FVII, it does so in a relatively non-specific manner thereby increasing the potential for adverse effects. Directly or indirectly targeting TF is an attractive option for the prevention or treatment of thrombosis associated with APS. In addition to evaluating TF-specific inhibitors, such as TFPI, anti-TF antibodies and inactivated FVIIa in APS, there are also data to support further investigation of currently available medications as adjunct treatments for APS such as the statins. Statins, or hydroxymethylglutaryl CoA reductase inhibitors, have been principally developed and used for their lipid-lowering effects in vascular disease. However, statins also possess a number of other beneficial effects not related to their lipid-lowering including anti-inflammatory activity. There are data to suggest that treatment with statins decrease TF expression and TF-dependent thrombin generation in a number of in vitro and in vivo models. [105] [106] [107] . Similarly, there are several medications that have provocative in vitro data, including dilazep (an adenosine uptake inhibitor), defibrotide (single-stranded deoxyribonucleic acid derivative), ACE inhibitors, histone deacetylase inhibitors and pentoxifylline. Further in vivo studies are needed to determine if these agents will be useful in the treatment of thrombosis in APS patients.
Conclusion
It is becoming increasingly apparent that TF functions not only as the critical initiator of in vivo thrombosis but also participates in several other biological processes such as inflammation. Our understanding of TF has been expanded recently by studies with genetic animal models. This understanding will hopefully allow us to specifically and safely target TF in various disease states such as APS.
